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ABSTRACT
The very bright red star HV2112 in the Small Magellanic Cloud could be a massive
Thorne–Z˙ytkow Object, a supergiant-like star with a degenerate neutron core. With
its luminosity of over 105 L⊙, it could also be a super asymptotic giant branch star,
a star with an oxygen/neon core supported by electron degeneracy and undergoing
thermal pulses with third dredge up. Both TZ˙Os and SAGB stars are expected to be
rare. Abundances of heavy elements in HV2112’s atmosphere, as observed to date, do
not allow us to distinguish between the two possibilities based on the latest models.
Molybdenum and rubidium can be enhanced by both the irp-process in a TZ˙O or by
the s-process in SAGB stars. Lithium can be generated by hot bottom burning at the
base of the convective envelope in either. HV2112’s enhanced calcium could thus be
the key determinant. A SAGB star is not able to synthesise its own calcium but it
may be possible to produce this in the final stages of the process that forms a TZ˙O,
when the degenerate electron core of a giant star is tidally disrupted by a neutron
star. Hence our calculations indicate that HV2112 is most likely a genuine TZ˙O.
Key words: stars: AGB and post-AGB – stars: abundances – binaries: close – stars:
evolution – stars: individual: HV2112
1 INTRODUCTION
Observations by Levesque et al. (2014) of the very bright
red star HV2112 in the Small Magellanic Cloud (SMC)
suggest that it could be a Thorne–Z˙ytkow object (TZ˙O).
Thorne & Z˙ytkow (1975, 1977) first modelled these stars
with neutron-star cores and a structure somewhat resem-
bling that of a red supergiant. Levesque et al. (2014) demon-
strate that HV2112 is spectrally very different from other red
supergiants in the SMC. It has noticeably enhanced spectral
features corresponding to rubidium and molybdenum, which
were predicted to show up in massive TZ˙Os (Biehle 1991,
1994; Cannon 1993) as well as lithium (Podsiadlowski et al.
1995). It is not certain how these objects are formed.
Thorne & Z˙ytkow (1975, 1977) originally proposed either a
failed supernova or a neutron star accreting in a binary sys-
tem. In the former case there is insufficient energy released
to expel a very massive envelope when a degenerate core
collapses to a neutron star. This is expected in the deaths
⋆ email: cat@ast.cam.ac.uk
of very massive stars (Eldridge & Tout 2004) but it is gen-
erally thought that fallback on to the neutron star converts
it to a black hole. In the binary mechanism the neutron
star is formed in a normal supernova of the originally more
massive component in a close binary system. The mass loss
and any kick are insufficient to unbind the system. Subse-
quently its companion evolves to a giant and fills its Roche
lobe. It is then the more massive of the two objects and has
a deep convective envelope. Mass transfer proceeds rapidly
on a time-scale approaching dynamical. The core of the gi-
ant and the neutron star are together both smothered by
the giant’s envelope and spiral inwards to merge. The last
phase of the merge occurs once the cores have spiralled close
enough together that the electron degenerate core is tidally
disrupted and forms an accretion disc in the orbital plane
of the binary deep inside the envelope. This occurs on a
very short time-scale and leaves a neutron star at the centre
of the giant common envelope. This configuration settles to
become the TZ˙O.
Though the spectrum observed by Levesque et al.
(2014) differs significantly from the other red supergiants
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they looked at in the SMC they do not explicitly discuss
super asymptotic giant branch (SAGB) stars. These are
the late stages of stars of initial mass in a range of a
few solar masses somewhere between about 6 and 12M⊙,
depending upon assumptions made about convective over-
shooting during core helium burning, that have gone on to
ignite carbon in their cores before the second dredge up
(Garc´ıa-Berro & Iben 1994). In general, stars of intermedi-
ate mass evolve through core hydrogen burning on the main
sequence. When central hydrogen is exhausted, hydrogen
burning moves to a shell and the star becomes a red giant. Its
convective envelope deepens and dredges some of the prod-
ucts of hydrogen burning to the surface. Once hot enough,
helium burning led by the triple-α process ignites in the core
which burns convectively to carbon and oxygen. After its ex-
haustion in the core helium burns out in a shell following the
hydrogen burning shell. These double shell burning stars are
on the asymptotic giant branch (AGB). In the more mas-
sive AGB stars, a second dredge up takes place when the
deep convective envelope penetrates beyond the temporar-
ily extinct hydrogen burning shell. This brings new hydro-
gen fuel to reignite the hydrogen shell only a few hundredths
of a solar mass outside the helium burning shell. The thin
extent of the helium-rich region, coupled with the strong
temperature sensitivity of the triple-α reaction, causes un-
stable helium burning in pulses between which episodes of
third dredge up bring the products of helium burning to the
surface. Amongst these are slow neutron capture isotopes
(Karakas & Lattanzio 2014) that can account for the heav-
ier than iron elements observed in HV2112. The higher mass
SAGB stars ignite carbon before the second dredge up but
go on to thermally pulse and dredge up in a similar way.
They have higher core masses at second dredge up and it is
this that gives them luminosities as high as red supergiants
and TZ˙Os early on. Once thermal pulsing and third dredge
up has begun, the core, and hence luminosity, grow much
more slowly.
In the subsequent sections we look carefully at the
various properties of HV2112. In almost all cases these
are explained straightforwardly by both SAGB stars and
TZ˙Os. The major exception is the enhanced calcium. Nei-
ther SAGB stars nor TZ˙Os can make calcium. Its production
by very hot burning may be due to more extreme processes
involved in the formation of a TZ˙O.
2 LUMINOSITY AND TEMPERATURE
The bolometric luminosity of HV2112 is estimated to be
105.15 L⊙. The structure of a red giant envelope depends on
the luminosity generated deep with its core and its opacity
which determines its Hayashi track (Hayashi & Ho¯shi 1961).
Both TZ˙Os (Cannon 1993) and SAGB stars (Smartt et al.
2002; Doherty et al. 2014) can reach the required luminos-
ity. Because their structures, dense degenerate cores and
deep convective envelopes, are rather similar they appear
at similar locations in the Hertzsprung–Russell diagram. In
both cases their luminosity is generated primarily by nu-
clear burning around their compact degenerate cores. Be-
cause both sorts of star lie on a Hayashi track their temper-
ature is almost entirely determined by their luminosity with
only a slight dependence on their total mass. Normal AGB
stars can also reach these luminosities towards the end of
their lives but by then they are rich in heavy s-process ele-
ments such as barium, and have destroyed all their lithium,
inconsistent with HV2112 as we discuss below.
3 PROBABILITIES
Neither SAGB stars nor TZ˙Os are common. We make an
order of magnitude estimate of the number that should
be expected in the SMC. Doherty et al. (2010) find that,
at SMC metallicity, SAGB stars form at masses be-
tween 6.5 and 8M⊙. By a simple integration of the
Kroupa, Tout & Gilmore (1993) mass function this implies
that one SAGB progenitor should form per 453M⊙ of to-
tal star formation. The SAGB stage lasts for a few 105 yr
while the total lifetimes of the progenitors are a few 108 yr
(Doherty et al. 2010, 2014). Hence roughly one out of ev-
ery thousand stars of the correct mass should be a SAGB
star at any given time. From fig. 5 of Glatt et al. (2010) we
obtain that there are roughly 250 stellar clusters with ages
around 300Myr, and their fig. 13 suggests a mean mass of
perhaps 4000M⊙, giving a total mass of about 10
6 M⊙ in
clusters that could host SAGB stars. Putting these num-
bers together suggests that the total number of SAGB stars
in the SMC at the current time should be of order unity.
Within the accuracy of this calculation this would be con-
sistent with HV2112 being the only SAGB star found in the
SMC so far.
To compare the expected number of SAGBs with TZ˙Os
we have used the binary star population synthesis algorithm
BSE (Hurley et al. 2002) to synthesise a population of bi-
nary stars. We give all stars above 8M⊙ companions, with
masses chosen to be uniformly distributed in mass ratio q,
and distribute the initial semi-major axes uniformly in log a
with a between 10 and 104 R⊙. These are optimistic assump-
tions because we neglect non-interacting wider binaries and
any single massive stars. We find that two per cent of our
binaries form a TZ˙O, equivalent to one TZ˙O per 104 M⊙ of
total star formation. The progenitor lifetimes prior to TZ˙O
formation are typically of order 10Myr. If we assume that
the lifetimes of the TZ˙Os are limited by strong winds driven
by Mira-like pulsations with mass-loss rates similar to the
superwinds of AGB stars (Vassiliadis & Wood 1993) then
the lifetimes of the TZ˙Os once formed are about 104 yr. So
again roughly one out of every thousand should be visible.
Taking there to be very roughly 106 M⊙ in clusters of ages
around 107 yr one would then expect a probability of there
being a TZ˙O visible in the SMC at the current time of about
ten per cent. This number is in approximate agreement with
the calculation of Podsiadlowski et al. (1995) given the mass
ratio of the SMC to the Milky Way. However, the rate of
TZ˙O formation depends very strongly on the assumptions
made about the efficiency with which the envelope of the
giant is removed by the spiralling in process. Here we as-
sume that all the energy liberated from the orbit goes into
unbinding the envelope with no additional energy, such as
recombination of atoms, liberated. Making different, reason-
able, assumptions we can easily change the formation rate
by an order of magnitude. Hence it is not possible to draw
any strong conclusions about the likelihood of HV2112 being
a TZ˙O from predicted formation rates alone.
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It is also possible that TZ˙Os could be formed in the
core-collapse of the most massive single stars, above say
24M⊙, if the energy released is insufficient to eject all of
the envelope. In this case there is no supernova explosion. A
simple calculation, analogous to that for SAGB stars above,
suggests that the resulting objects should be roughly equally
as common as SAGB stars. If a sufficient fraction of the ma-
terial that has reached very high temperatures during the
core collapse can avoid being incorporated into the compact
object, this could potentially also produce the observed cal-
cium abundance. It has always been assumed that, in this
scenario, material falling back on to the newly-formed neu-
tron star would convert it into a black hole. This would
destroy the star on a short time-scale and prevent the irp-
process from taking place. However if black hole formation
can be avoided this mechanism would provide roughly as
many TZ˙Os as SAGB stars whilst allowing them to be rich
in calcium.
4 HEAVY ELEMENTS
HV2112 is rich in rubidium and molybdenum. These can
be produced by the irp-process in TZ˙Os (Cannon 1993).
They can also be produced by the s-process in SAGB stars
(Doherty, private communication; Lau et al. 2011). The s-
process begins with neutron captures on to iron-group nu-
clei. Initially lighter elements are built up and both rubid-
ium and molybdenum are members of this light s-process
set. Subsequently, depending on the degree of neutron ex-
posure, heavier elements including barium and eventually
lead are formed. Levesque et al. (2014) found barium not to
be enhanced in HV2112 and claimed that this is evidence
that the s-process is not responsible for the rubidium and
molybdenum.
The s-process nucleosynthesis of SAGB stars is still
rather uncertain. Lau et al. (2011) compute yields for 8,
8.5 and 9M⊙ stars of solar metallicity. They find signifi-
cant enhancements in the light s-process elements consistent
with neutrons produced by the 22Ne(α,n)25Mg reaction.
The yields, defined as the ratios of the average abundances
in the stellar wind to those in the star initially, are between a
factor of 100.5 and 10. The enhancement in strong s-process
isotopes, however, depends very strongly on the rates of the
triple-alpha and 12C(α, γ)16O reactions, which control the
temperature at the base of the intershell convective zone.
Lower, older rates led to very little heavy s-process, while
newer, faster rates produce significant quantities. In light of
this result and in the absence of a more detailed analysis we
consider that the abundance trends in rubidium and molyb-
denum are consistent with in-situ production by an SAGB
star.
We note that, in general, a simple test for ongoing s-
process activity is to look for technetium in the atmosphere
of the star. However technetium is also expected to be pro-
duced by the irp-process. The models of Cannon (1993)
show Tc number abundances between 10−9 and 10−6, which
are comparable to or higher than some of the more Tc-
enhanced S-star abundances (e.g. Abia & Wallerstein 1998).
It is in general rather difficult to obtain accurate abundances
for Tc because its spectral lines are blended with those from
other elements.
5 LITHIUM
Lithium is produced during hot bottom burning in the early
phases of AGB and SAGB evolution by the Cameron (1955)
mechanism. The typical temperatures at the base of the con-
vective envelopes of SAGB stars after second dredge-up are
above 60MK which allows hot-bottom burning and the syn-
thesis of lithium. First 7Be is produced by the reaction
3He + 4He→ 7Be + γ (1)
and this captures an electron to form 7Li,
7Be + e− → 7Li + ν. (2)
Some lithium produced by hot-bottom burning may be
transported to the surface by convection so there is a short
period of time in which Li is significantly enhanced, in many
models by more than a factor of ten, at the surface. Lithium
that is mixed back to or remains in the hot burning region
is subsequently destroyed by proton capture
7Li + 1H→ 24He. (3)
Furthermore, the production of lithium ceases when 3He is
depleted, so the surface abundance of lithium decreases after
its initial peak during the early AGB or SAGB phase.
Because lithium is significantly enhanced before any
thermal pulses, the surface composition of an SAGB star is
rich in lithium before it is enhanced in s-process isotopes. In
fact, we expect stars with observed strong Li enhancements
not yet to be enhanced in s-process isotopes, for example
R Nor with A(Li) = 4.6 (Uttenthaler et al. 2011). How-
ever, while we do not expect to observe SAGB or AGB stars
with simultaneously strong Li and s-process enhancement,
the surfaces of early thermally pulsing SAGB or AGB stars
can have mild Li and s-process enhancement at the same
time. During the first few pulses, light s-process isotopes
are dredged up to the surface while most lithium previously
produced begins to be destroyed. Depending on the initial
mass and treatment of convection, this period of mild Li and
s-process enhancement lasts about 104− 105 yr (see fig. 3 of
Doherty et al. 2014). van Raai et al. (2012) find that the Li-
rich phase lasts for 105 yr in a 6M⊙ model. Their fig. 7 shows
that Li and Rb can be enhanced at the same time.
Thorne-Z˙ytkow objects also synthesise lithium by the
same mechanism, the hot region in this case is the base
of the convective envelope just above the degenerate core.
Podsiadlowski et al. (1995) find that, for a typical example
model, the lithium abundance increases for the first 105 yr
and is still enhanced after 106 yr, the maximum lifetime they
consider possible. Therefore there is no problem with simul-
taneously obtaining rubidium, molybdenum and lithium in
a TZ˙O.
6 CALCIUM
Levesque et al. (2014) find enhanced calcium in HV2112.
Calcium is produced by the capture of alpha particles during
the final stages of a star’s nuclear lifetime when photodisin-
tegration and alpha captures convert silicon-28 to nickel-56
immediately before a supernova explosion. It is not enhanced
by ongoing nucleosynthesis in either TZ˙Os or SAGB stars.
At no point in its earlier life has an SAGB star reached the
c© RAS, MNRAS 000, 1–5
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necessary conditions to synthesise calcium anywhere in its
interior and so cannot account for this excess calcium which
could then only be explained by fortuitous external pollu-
tion. A TZ˙O however has more potential because its neutron
star core was likely produced by the collapse of a degenerate
iron-rich core that exceeded the Chandrasekhar mass.
The total mass of calcium in the Sun, nearly all 40Ca,
is about 6× 10−5 M⊙. The metallicity of the SMC is about
a tenth that of the Sun so if we imagine we need to enhance
calcium in the an envelope of say 10M⊙ or so by a factor of
three we require about 10−4 M⊙ to mix through the whole
envelope.
Typical type-II supernovae expel between about 10−3
and 2×10−2M⊙ of
40Ca (Woosley & Weaver 1995) which is
up to one hundred times what is needed to pollute our typi-
cal TZ˙O envelope. Unfortunately ejecta of supernovae leave
at over 1,000 kms−1 so that only material directly impact-
ing the companion can be accreted. For a separation a and
companion radius R the fraction accreted may be estimated
as
f ≈ 4× 10−4
(
R
5R⊙
)2 (
AU
a
)2
. (4)
Typical progenitors of type-II supernovae are red super-
giants with radii approaching 1000R⊙ (Smartt 2009). To
fit such a supergiant into an orbit with our star would re-
quire a > 10AU which means that the fraction of material
accreted would be too small even if our star is already a
giant at that stage.
Another possibility is that the calcium could have been
synthesised during the formation of the TZ˙O. When the de-
generate core merges with the neutron star the conditions
in the accretion disc are appropriate for advanced burning
and calcium production. Metzger (2012) has computed the
nucleosynthesis expected during the accretion of the disc
produced by a disrupted white dwarf. He finds that for a
0.6M⊙ white dwarf, which is the most similar of his mod-
els to the cores of the massive giant companions that we
are considering, around 10−3 M⊙ of calcium should escape
from the disc. This exceeds the mass required to pollute the
envelope to the extent necessary to produce the surface en-
hancement of Ca observed in HV2112. However material in
the disc either accretes directly on to the neutron star or is
expelled in a high-velocity outflow. The velocity of this wind
from the accretion disc must be roughly equal to the escape
velocity at a distance equal to the characteristic length scale
of the disc. Because the disc is somewhat smaller than the
white dwarf radius this velocity exceeds 104 kms−1. Naively
comparing the kinetic energy in this outflow with the bind-
ing energy of the envelope shows that there is enough energy
available to completely unbind the star, leaving a naked neu-
tron star. However, evidence from other objects with rela-
tivistic outflows, including gamma-ray bursts, active galactic
nuclei and X-ray binaries, he suggests that collimated out-
flows (jets) are common, if not ubiquitous, in such systems.
Duffell & MacFadyen (2013) find that for a GRB jet, some-
what comparable to what we expect for a merging WD–NS
system, Kelvin–Helmholtz instabilities along the boundaries
of these jets can mix as much as a tenth of the material with
the envelope they are punching through.
Hence we postulate that the wind from the central ac-
cretion flow was rather collimated. In the process of blowing
a chimney through the star convective motions around the
boundaries of the flow mixed some fraction of the wind – at
least a tenth of its mass – in to the envelope of the super-
giant. The rest of the wind was lost along the polar axis of
the disc, taking the kinetic energy with it. This picture is
roughly consistent with what we see in other systems that
posses a relativistic accretion disc and accounts for the cal-
cium enrichment.
We note also that in Metzger’s models only a small
fraction of the white dwarf – typically about one tenth –
is accreted on to the neutron star. This is sufficiently little
that it is possible for a stable neutron star to continue as
the central object rather than necessitating a collapse to a
black hole. Because his method does not permit him to fol-
low burning that occurs whilst the disc is forming he does
not consider discs formed by the disruption of more massive
white dwarfs by neutron stars. Such models might be more
appropriate for the cores of the relatively massive compan-
ion that we postulate here. Since they would be more mas-
sive and denser they would most likely produce a greater
quantity of calcium, reducing the fraction of the synthesised
material which we require the envelope to absorb.
7 CONCLUSIONS
We have analysed the possibilities that the unusual SMC su-
pergiant, HV2112, is either a super-AGB star or a Thorne–
Z˙ytkow object. Whilst the formation probabilities are only
very slightly in favour of an SAGB star, the uncertainties in
the formation rates are such as to make this argument very
weak. We find that the majority of HV2112’s observed prop-
erties are consistent with either possibility. The observed lu-
minosity and temperature are both within those expected.
Both classes of objects are expected to synthesise lithium,
rubidium and molybdenum in situ. The most distinguishing
feature is the high observed calcium abundance. This cal-
cium cannot be produced by the s-process, nor can it be
accreted directly on to the surface of HV2112 by the super-
nova explosion of a binary companion. We propose that the
calcium could be produced by nuclear burning in the degen-
erate core of the companion giant as it merges with a neutron
star to form the Thorne-Z˙ytkow object. The observation of
enhanced calcium thus suggests that HV2112 is most likely
a genuine Thorne-Z˙ytkow object and that it has probably
formed from the merging of a binary star progenitor.
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